Introduction
Atherosclerosis is triggered by lipid accumulation in subendothelial arterial cells. 1 Intracellular lipid accumulation is caused by low-density lipoprotein (LDL) circulating in human blood. However, only modified lipoprotein, but not native LDL, causes intracellular lipid accumulation. 2 Although oxidation remains the most studied form of atherogenic modification, other modifications of LDL can also be detected in the bloodstream. A study of the total LDL from the blood of atherosclerosis patients revealed the presence of desialylated LDL particles with atherogenic properties. 2 Glycosphingolipids in LDL usually have a terminal sialic acid residue. In case of removal of this terminal sialic acid, modified glycosphingolipid will have galactose as the terminal saccharide residue. We took advantage of this fact to isolate the subfraction of desialylated LDL from total LDL preparation using Ricinus communis agglutinin (RCA120), which possesses a high affinity to the terminal galactose. 2 Total LDL preparation was applied on column with RCA120 immobilized on submit your manuscript | www.dovepress.com
Dovepress

380
Zakiev et al
CNBr-activated agarose. Normally, sialylated LDL passed through the column not binding to the sorbent. Desialylated LDL was bound to lectin and then eluted with 5-50 mM galactose. This method allowed us to isolate subfractions of both sialylated and desialylated LDL from total LDL preparation isolated from the blood of patients. We called the latter subfraction as circulating modified LDL (cmLDL). In this study, we focus on chemical analysis of LDL particles including studying the carbohydrate composition of apoBand lipid-bound glycoconjugates of native and modified LDL obtained from healthy donors and atherosclerotic patients.
Materials and methods
Study subjects
This study was conducted in accordance with the Declaration of Helsinki as revised in 1983. It was approved by the local ethics committees of the Institute of General Pathology and Pathophysiology (Moscow) and Institute for Atherosclerosis Research (Skolkovo Innovation Center, Moscow, Russia). All participants provided their written informed consent prior to their inclusion in the study. Study subjects included men and women aged 30-60 years with angiographically proven coronary atherosclerosis, healthy subjects aged 25-55 years with no signs of ischemic heart disease according to Rose questionnaire, 3, 4 and individuals with asymptomatic carotid atherosclerosis. The characteristics of patients are presented in Table 1 . The following are the inclusion and exclusion criteria by the study protocol. Men and women aged 22-55 years without clinical manifestations of cardiovascular atherosclerosis-related diseases, in whom high-resolution B-mode ultrasonography has revealed no signs of subclinical atherosclerosis (normal values of carotid intima-media thickness and the absence of atherosclerotic plaques in carotids), were eligible for inclusion in the study as "healthy subjects". Men and women aged 22-55 years without clinical manifestations of cardiovascular atherosclerosis-related diseases but with ultrasonographic signs of subclinical atherosclerosis (abnormally high values of carotid intima-media thickness and the presence of atherosclerotic plaques in carotids with >10% stenosis) were eligible for inclusion in the study as "individuals with asymptomatic carotid atherosclerosis". Finally, patients with coronary heart disease aged 30-60 years with coronary atherosclerosis proven by coronary angiography were eligible for inclusion in the study as "patients with coronary atherosclerosis", regardless of the presence and extent of carotid atherosclerosis. For all study participants, the presence of arterial hypertension (systolic blood pressure >140 mmHg, diastolic blood pressure >90 mmHg) or type 2 diabetes mellitus, or intake of lipid-lowering agents at least within 2 months prior to inclusion, was evaluated as exclusion criteria.
Preparation of blood plasma
Venous blood was collected from healthy subjects, patients with angiographically documented coronary atherosclerosis, and patients with subclinical carotid atherosclerosis into tubes containing EDTA (1 mg/mL) after overnight fasting. Plasma was separated by centrifugation (20 minutes at 900 g).
Total LDL preparation
Total LDL fraction was isolated from blood plasma as described previously. 5 For LDL isolation, plasma density was adjusted to 1.390 g/mL with solid NaBr, and 4 mL of plasma was transferred into polycarbonate centrifuge bottles (16×76 mm, Beckman Instruments, Inc., Palo Alto, 
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Carbohydrate composition of LDL CA, USA). Six milliliters of NaBr solution (d=1.019 g/mL) was layered over the plasma and centrifuged for 2 hours at 116763 g (42000 rpm) in a Type 50Ti rotor (Beckman Instruments). The lower layer of LDL (1.5 cm over the plasma level) was aspirated, and the density was adjusted to 1.470 g/mL with solid NaBr. The samples were recentrifuged under the same conditions and dialyzed in the dark at 4°C overnight against 2,000 volumes of phosphate-buffered saline, pH 7.4, containing 1 mM EDTA. LDL preparations were sterilized by filtration (pore size, 0.45 µm) and stored at 4°C for 1-5 days prior to carbohydrate measurement. The LDL preparations obtained by this technique were free from other plasma proteins and were identical in particle size and lipid composition to LDL isolated by the classical method.
Lectin chromatography of modified LDL
Apolipoprotein B (apoB), the only protein found in LDL, contains two types of oligosaccharide conjugates, oligomannoside and terminally sialylated. 6, 7 Glycosphingolipids in LDL also have a terminal sialic acid residue. 8 Desialylation will result in the exposure of the next residue of the carbohydrate chain, which is galactose. Correspondingly, we hypothesized that desialylated LDL will interact with galactose-specific lectins, such as Ricinus communis agglutinin (RCA120). 9 To prepare the affinity columns, RCA120 was immobilized on BrCN-activated agarose as described earlier. 10 The columns were equilibrated with 10-15 mL of isotonic phosphate buffer, pH 7.2, and 0.5-5 mL of LDL sample (containing 0.2-10 mg of protein) was loaded on the column. The major part of unbound LDL was washed from the column in the first ten volumes of phosphate buffer. Desialylated LDL was washed from the column with galactose solutions in phosphate buffer (5 mM, 10 mM, 20 mM, 50 mM, and 100 mM). Washing with 50 mM galactose resulted in virtually complete elution of LDL in the first five volumes and this concentration was used most often. 11 Bound and unbound LDL fractions were brought to the density of 1.070 g/mL with NaBr, concentrated by ultracentrifugation, and dialyzed against 6,000 volumes of isotonic phosphate buffer as described earlier.
Carbohydrate and sialic acid analysis
Fluorescently labeled N-glycans are separated by hydrophilic liquid chromatography on a Waters Acquity ultraperformance liquid chromatography instrument (Waters, Milford, MA, USA) consisting of a quaternary solvent manager, sample manager, and an FLR fluorescence detector set with excitation and emission wavelengths of 250 nm and 428 nm, respectively. The instrument is under the control of Empower 3 software, build 3471 (Waters). Labeled plasma N-glycans are separated on a Waters Ethylene Bridged Hybrid Glycan chromatography column, 150×2.1 mm Internal Diameter, 1.7 µm Ethylene Bridged Hybrid particles, with 100 mM ammonium formate, pH 4.4, as solvent A and acetonitrile as solvent B. Separation method used a linear gradient of 70%-53% acetonitrile (v/v) at a flow rate of 0.56 mL/min in a 23-minute analytical run. Samples are maintained at 10°C before injection, and the separation temperature was 25°C.
Sialic acid content was measured according to Warren. 12 One milliliter of 20% trichloroacetic acid was added to samples of 50 µL LDL containing 30-150 µg of protein, and the samples were incubated for 20 minutes at 4°C followed by centrifugation for 15 minutes at 4,500 rpm. Supernatant was discarded, and 250 µL of 5% Trichloroacetic acid (TCA) was added, followed by a hydrolysis for 7 minutes at 100°C. In order to eliminate possible influence of oxidized lipids on the reaction, oxidized lipids were extracted with 1 mL of chloroform for 30 minutes at room temperature, after which chloroform phase was discarded. Then, 250 µL of 0.2% resorcin dissolved in 10 N HCl, containing 25 µM of copper sulfate, was added to the residual water phase. The samples were incubated for 15 minutes at 100°C, followed by extraction of the colored product by 600 µL of butyl acetate:isobutanol (85:15 v/v) mixture. The mixture was vigorously vortexed and then phase separation was put in spectrophotometer Yanaco (Houston Instruments, Houston, TX, USA) tuned to 630 nm wavelength in 1 cm quartz cuvette; 1 mg/mL N-acetylneuraminic acid was used as a standard.
Statistical analysis
The results were analyzed using one-way analysis of variance. Statistical analysis was performed using IBM SPSS 21.0 software (IBM Corporation, Armonk, NY, USA). The data are presented in terms of mean and standard deviation. The significance of differences was defined at the 0.05 level of confidence.
Results
The comparison of baseline data between healthy subjects, individuals with asymptomatic carotid atherosclerosis, and patients with coronary atherosclerosis revealed no significant differences between study groups in body mass index values, systolic and diastolic blood pressure, smoking, family history of coronary heart disease/hypertension/type 2 diabetes, total cholesterol, triglycerides, high-density lipoprotein-, and LDL cholesterol ( Table 1 ). The only exception was the age, which was significantly higher in patients with coronary atherosclerosis as compared to either healthy subjects or individuals with asymptomatic carotid atherosclerosis. Protein-conjugated monosaccharide content was analyzed in LDL samples obtained from ten healthy subjects, ten 
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Zakiev et al patients with coronary atherosclerotic, and ten individuals with asymptomatic carotid atherosclerosis. In samples from healthy subjects, protein and apoB glycoconjugate composition included N-acetyl-glucosamine, galactose, mannose, and sialic acid in a molar ratio of 2:1:2.5:1 (Tables 2 and  3 ). Protein and apoB fractions of LDL from atherosclerotic patients contained similar amounts of glucosamine, galactose, and mannose, but lower level of sialic acid as compared to healthy subjects.
Carbohydrate composition of lipid fraction of LDL was characterized by the absence of mannose and the presence of N-acetylgalactosamine and glucose, lower amount of N-acetylglucosamine, and increased amount of galactose in comparison to apoB glycoconjugates (Table 4 ). Lipid fraction also contained less sialic acid. Some samples also contained traces of fucose (not presented). Lipid-bound glycoconjugates of total LDL from patients with coronary and carotid atherosclerosis contained less neutral monosaccharides than total LDL from healthy subjects. Patient-derived LDL also contained significantly less sialic acid (Table 4) .
In samples from healthy subjects, total level of lipidbound monosaccharides in cmLDL was 1.5-2-fold lower than in native LDL. In samples from atherosclerotic patients, both neutral carbohydrates and sialic acid contents of cmLDL were decreased by 1.5-2-fold in comparison to native LDL, and total level of carbohydrates was lower than that measured in cmLDL of healthy subjects (Table 5) . Sialic acid content of cmLDL from healthy donors was lower than that of native LDL (Table 5) .
Discussion
In this work, we have compared the carbohydrate composition of LDL extracted from the blood of healthy subjects, patients with asymptomatic carotid atherosclerosis, and patients with coronary atherosclerosis. We have previously shown that LDL from atherosclerotic patients contains less sialic acid and confirmed, therefore, our earlier observations. 2 We have developed a method based on affine chromatography to extract desialylated LDL from total LDL fraction. 2 This method was used in the current work to compare the carbohydrate composition of desialylated and normally sialylated LDL. A similar study has been performed earlier. 13 However, in the present study, we used a different method to measure the carbohydrate content and included a group of subjects with asymptomatic carotid atherosclerosis. Moreover, the study groups were larger. Notes: Mean of ten independent measurements ± SD is presented. 
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Carbohydrate composition of protein glycoconjugates from total LDL preparations has been studied by a number of authors. Total level of carbohydrates varied from 30 µg/mg to 130 µg/mg of protein. [14] [15] [16] [17] [18] [19] [20] In our study, total monosaccharide content was 35-45 µg/mg of protein. The ratio of N-acetyl-glucosamine, galactose, mannose, and sialic acid was 2:1:2.5:1, which was in accordance with previously published data. [14] [15] [16] [17] [18] [19] [20] There are two types of protein glycoconjugates in LDL: biantennary sialylated (acidic) chains and high-mannose chains. 6, [17] [18] [19] [20] [21] As suggested by Taniguchi et al, 6 apolipoprotein-B molecule contains five to six high-mannose and eight to ten biantennary sialylated conjugates. It can therefore be proposed that carbohydrate composition of protein glycoconjugates should be approximately the following: N-acetyl glucosamine, 42-52 (mol/mol apo-B); galactose, 14-18 mol/mol ApoB; mannose, 60-73 mol/mol ApoB; and sialic acid, 12-15 mol/mol ApoB. According to our data, the content of galactose and sialic acid in apo-B of healthy subjects was 14 mol/mol and 15 mol/mol apo-B, respectively. This is in accordance with previously published observations. 22 On the other hand, the contents of N-acetyl glucosamine and mannose were 30 mol/mol and 38 mol/mol apo-B, respectively, which was 1.5-fold lower than that reported by the cited authors. Other authors have also reported lower contents of N-acetyl glucosamine and mannose in comparison with the Notes: Mean of ten independent measurements ± SD is presented. a Significant difference from the healthy individuals. Significant differences from healthy individuals are denoted by asterisk *(P<0.001), or double asterisk **(P<0.05). Abbreviations: LDL, low-density lipoprotein; SD, standard deviation. 
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Zakiev et al expected levels. 16, 17 In their calculations, Taniguchi et al   22 were based on the expectation that 13-16 of asparagine residues in apo-B are glycosylated. The available data support the suggestion that not all these asparagine residues are glycosylated. Moreover, LDL can contain a lower amount of high-mannose chains. This hypothesis, however, remains to be proven experimentally. Lipid-conjugated glycoconjugates of human LDL include N-acetyl galactosamine and glucosamine, galactose, glucose, and sialic acid. The amounts of each individual monosaccharide in the lipid fraction of total LDL preparation were decreased in samples from atherosclerosis patients in comparison with those obtained from healthy subjects. The level of lipid-conjugated neutral carbohydrates was 1.5-2-fold lower in cmLDL in comparison to native LDL. The difference in sialic acid content was even more pronounced. Earlier studies reported the levels of sialic acid and total neutral carbohydrates in LDL from subjects with different LDL profiles. 23 It was demonstrated that small dense LDL contained less sialic acid and neutral carbohydrates. In our work, we separated total LDL into fractions with different sialic acid contents and demonstrated that desialylated LDL that also had decreased amounts of other carbohydrates was characterized by a smaller particle size and increased density in comparison to sialylated lipoproteins. 2 Taken together, these observations demonstrate a link between lipoprotein particle size and density and carbohydrate content.
Although the exact mechanism of changes in the carbohydrate composition of LDL remains to be determined, it can be speculated that these changes affect lipoprotein metabolism. It has been demonstrated that varying sialic acid content altered the uptake and degradation of LDL by the smooth muscular cells of the arterial wall. 24 Taniguchi et al 22 demonstrated that desialylation of LDL by neuraminidase treatment enhanced its metabolism by murine macrophages.
In our experiments, treatment of LDL with neuraminidase increased its uptake and lipid accumulation in cultured human aortic wall cells. 2 Similar effects were described for cmLDL obtained from patients with atherosclerosis. Therefore, alterations of LDL carbohydrate composition, including desialylation, influence its ability to induce intracellular lipid accumulation. We have previously shown that intracellular lipid accumulation is a trigger of atherogenesis at the cellular level, which is followed by all the major signs of atherosclerosis. 2 It can be suggested that deglycosylation is a key atherogenic modification of LDL.
Conclusion
We demonstrated altered composition of glycoconjugates in LDL isolated from the blood of atherosclerotic patients in comparison to healthy subjects. The most considerable change was the decrease in sialic acid content. Circulating modified LDL was characterized by a decreased content of lipid-bound neutral monosaccharides in healthy subjects and by a decreased content of both neutral monosaccharides and sialic acid in atherosclerotic patients. The observed changes should be further evaluated for their clinical relevance as another marker of atherosclerosis.
